Introduction
In Polish hard coal mines, more than 75% of longwalls are ventilated with the U type system from the exploitation field borders [1] . In this system, fresh air is supplied to the longwall along the maingate and discharged from the longwall along the tailgate, also referred to as the airway (Fig. 1) .
These headings are exposed to increased rock mass pressures caused by the impact of the active exploitation front that often causes a change (reduction) in the cross-section of these headings by as much as 48%. This affects the safety of transportation and the performance of the ventilation system. Maintaining the efficiency and proper dimensions of these headings is therefore an important element that determines the safety of work in the area of ongoing exploitation.
During the U type ventilation of longwalls (with exploitation being carried out under conditions of high methane hazard), the highest methane concentration levels are present in the intersection area between the longwall and the tailgate (the called upper corner of the longwall). Fig. 1 The U type ventilation system from the exploitation field borders Fig. 2 The flow of methane from the goaves with caving to the longwall and the tailgate [6] This is due to the accumulation of methane flowing from the goaves with caving and the working area of the longwall, resulting from methane emissions from the coal mined and the body of coal [1] [2] [3] [4] [5] [6] . This methane then migrates along with the air stream towards the tailgate. Methane is also emitted into this space directly from the goaves through the unliquidated part of the tailgate, located behind the caving line of the longwall. The flow of methane from the goaves with caving to the longwall and the tailgate has been demonstrated in Fig. 2 .
The flows presented in Figs. 1 and 2 clearly indicate that the highest methane concentration occurs in the upper corner of the longwall. Methane concentration and its distribution in this zone depend on the amount of methane flowing out of the longwall and the goaves with caving, the amount of the fresh air supplied to the longwall, and the geometry of the tailgate. This concerns the cross sectional area of the tailgate, as well as the length of its unliquidated part located behind the caving line (with the length "a"). This is because this area has the highest methane concentration levels. The length of the unliquidated part of the tailgate behind the caving line of the longwall may not exceed 6.0 m, as required by mining regulations [7] .
On the other hand, the cross-sections of longwall headings have a crucial influence on the provision of adequate amounts of air to the longwall, as well as on the safety of transportation. Generally, it may be assumed that the geometry of longwall headings is inseparably connected with the occurrence of the methane hazard in the area of exploitation.
From a practical point of view, it is therefore of utmost importance to determine the impact of tailgate geometry and length on the distribution of methane concentrations at the outlet from the longwall. In order to determine this impact and identify the zones with dangerous methane concentration levels (up to 2%), model based tests were carried out for this region. The purpose of the tests was to determine the distribution of methane concentrations in the zone where the longwall is at a particularly high risk depending on the cross section of the tailgate and the length of its unliquidated part behind the caving line.
Both the cross-sectional area and the length of the unliquidated part of the airway behind the caving line during normal course of the longwall may be subject to changes, which has a direct impact on the ventilation conditions. A change in heading geometry leads to differences in aerodynamic potentials in the area of exploitation, which -in turn -impact the volume of methane emitted from the goaves with caving into the working area of the longwall. The smaller the geometry of the airway, the greater is the difference in aerodynamic potentials between the caving goaves and this airway. This may result in increased speed of methane efflux from the goaves with caving into the working area of the longwall and its upper corner.
The tests were conducted using Computational Fluid Dynamics (CFD). The related calculations were performed in ANSYS Fluent, based on the finite volume method (FVM). The analysis performed made it possible to precisely identify the concentrations levels of methane at each point in the space of the region under examination, for the boundary conditions adopted. It was conducted for four different geometries of the region in question, for a model that reflects the actual layout of headings in one of the hard coal mines. The ventilation parameters adopted in the model are real time values obtained through measurements in these headings. The parameters describing the goaves with caving were also determined on the basis of tests in real world conditions.
The methodology developed and the results obtained are examples of the practical application of advanced computational methods for determining and forecasting the ventilation risk in mine headings.
Mathematical models
The airflows at the maingate, tailgate and longwall are simulated as fully developed turbulent flow by using an k-ε model.
Basic flow equations
System of balance equations of mass, momentum and energy (equations of fluid handling) of one-component flow takes the following form [8] :
.
System of Eqs. (1-3) in a vector form can be written as [8] : The basis for a mathematical description of the transportation process of methane released into underground headings is the principle of mass conservation referred to this gas. The mathematical model of transportation, being a set of advection-diffusion equations, which for i-of this substance i=1,….n, assumes the following form [9] :
The flow of air stream through a longwall is a turbulent flow. This flow features irregular movements of the air stream particles, and the parameters of this flow undergo unpredictable random changes in space and time. A characteristic phenomenon for this type of flow is the occurrence of vortices of different sizes.
In the turbulence model k-ε, in the standard variation, the basic Navier-Stokes equation has been transformed into the Reynolds averaged equation. This equation includes an additional term in the form of the Reynolds stress tensor. Due to this term, the set of equations is not closed. To close the set of equations, it is necessary to introduce additional differential equations, which include the equation of kinetic turbulent energy and the equation of kinetic turbulent energy dissipation in the following form [9] :
where: C1ε, C2ερ, C3ε are constans, σk, σε are turbulent Prandtl numbers for k and ε, Gb is the generation of turbulence kinetic energy due to buoyancy, Gk is the generation of turbulence kinetic energy due to the mean velocity gradients, YM is contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate, Sk, Sε are user-defined source terms.
Constitutive equations
A ternary species mixture comprising oxygen, water vapor and methane exists in the ventilation air in the mining headings. The interaction between the species is captured in the mixture density which follows incompressible ideal gas law given by [10] :
where: R is the universal gas constant and M refers to the mixture molar mass.
Mixture molar mass is given by: (10) where: Mi is the molar mass of species i.
Mass fraction of nitrogen is calculated as:
The air-methane mixture viscosity is calculated as:
where: xi,j are the mole fraction of species i and j and:
The mole fractions are related to the mass fractions by:
For practical purpose, methane concentration in terms is present of percentage of methane concentration, defined as CH4 = ωCH4  100%.
Methane emissions into the working area of the longwall
It is very important for proper modelling of the entire flow process in the region examined to determine the amount of methane released into the longwall heading. This amount depends on a number of factors, the most significant of them being the methane bearing capacity of the seam, the height of the longwall exploited, the length and advance of the longwall, the duration of a mining cycle, and the speed of mining with a shearer.
The level of methane hazard at the exploitation stage is assessed by means of an analytical equation describing the criteria methane bearing capacity of the longwall The volumetric flow rate of methane reaching the longwall from other sources was determined on the basis of the measurements taken in the streams of fresh air flowing to the longwall. This, in turn, served as the basis for determining the amount of methane flowing to the region examined, with the assumption that the volumetric flow rate of the air supplied to the longwall is equal to 1,380 m 3 /min. Based on the relationship (19), it was determined that 15.86 m 3 of CH4/min will be released into the longwall.
Problem statement and boundary conditions
The purpose of the analysis was to identify the impact of airway geometry on the distribution of methane concentrations at the outlet from the longwall. In order to achieve this objective, a geometric model was developed for the longwall and the longwall headings as well as for the goaves with caving (Fig. 3) .
In longwalls ventilated by means of the U-type system from the exploitation field borders, in order to dilute the methane concentration in the mixture with air, it is very common to use ancillary ventilation systems (a brattice with ventilation openings and an air duct). Such equipment was also used in the longwall in question. For this reason, the model developed also includes this equipment. A fragment of the geometric model of the intersection between the longwall and the airway, with the ancillary ventilation systems installed in the tailgate, has been presented in Figure 4 . This figure also presents the geometric parameters of this area (a -the length of the unliquidated part of the airway, b -the location of the end of the ventilation brattice in relation to the liquidation line of the airway, c -location of the end of the air duct in relation to the liquidation line of the airway).
Fig. 3 The geometrical model
The tests were conducted for a longwall with a height of 2.3 m and a length of 230 metres. The longwall heading was 4 metres wide. The volumetric flow rate of the fresh air supplied to the longwall along the maingate amounted to 1,380 m 3 /s. The diameter of the additional air duct mounted in the maingate, along which additional fresh air was supplied at the rate of 440 m 3 /s, was equal to 1.0 m. The oxygen concentration in the air stream supplied to the longwall amounted to 21.0%. The goaves with caving were 9 metres high and 110 metres long. For the purposes of the calculations, the flow of methane to the longwall and the tailgate was assumed to take place through the goaves and as a result of mining the body of coal. The ventilation methane bearing capacity for the longwall under examination was equal to 15.86 m 3 /min. The other geometric dimensions of the region under examination for the four variants adopted for the analysis have been summarised in Table 1 . Fig. 4 The fragment of the geometric model of the intersection between the longwall and the airway, with the ancillary ventilation systems installed in the tailgate
The model so developed and the conditions adopted were analysed numerically. Table 1 Geometric dimensions of the studied region and parameters of the air stream flowing through them 
Results and discussion
The calculations performed served as the basis for determining the distributions of methane concentration levels in the intersection area between the longwall and the tailgate (airway). The concentrations of methane for the models at hand in the planes presented are variable. Hence the scale illustrating the methane concentration level is adjusted to a specific plane.
The results obtained unambiguously demonstrate that the geometry of the tailgate and its length affect the distribution of methane concentrations in its cross section. Increasing the cross-section of the heading leads to a decrease in the maximum values of methane concentrations in this cross section.
The lowering of the longwall floor in relation to the tailgate floor impacts on the manner of distribution of the air flowing out of the wall and thus also on the local accumulation of methane present in the bottom part of the tailgate.
The phenomenon occurs in the tailgate with a cross sectional area of less than 10 m 2 . The local accumulation of methane in the bottom part of the tailgate during the outflow of air from the longwall does not occur for tailgates with a cross sectional area of over 12 m 2 . The results obtained also allowed us to determine the values of methane concentration in a plane parallel to the longwall floor (in the horizontal plane). The distributions on a plane located at a distance of 1.5 metres from the floor for the computational variants analysed have been presented in Figs. 6 (cases 1 and 2) and 7 (cases 3 and 4) . Depending on the length of the unliquidated part of the tailgate and its transverse dimension, the differences in the distribution of methane concentration in the intersection area between the longwall and the tailgate result from the local changes in the distribution of air in the above mentioned intersection area, as well as from the lowering of the longwall floor in relation to the tailgate.
While considering the reach of the hazardous zone only in a horizontal plane located at a height of 1.5 m over the tailgate floor, one can conclude that the methane hazard grows in the region examined along with the reduction of the cross section of the tailgate to less than 10 m 2 . For variants 3 and 4, in which the cross sectional area of the tailgate amounted to more than 12 m 2 , the hazardous zone is limited only to a small part of the unliquidated tailgate behind the caving line.
Figs. 9-12 show the concentration levels of methane in the tailgate along the measurement line located at a distance of 2.8 metres from the tailgate floor. The measurement line has been marked in Fig. 8 . Fig. 9 The concentration of CH4 in the tailgate along the measurement line located at a height of 2.8 metres for case no. 1 Fig. 10 The concentration of CH4 in the tailgate along the measurement line located at a height of 2.8 metres for case no.2 Fig. 11 The concentration of CH4 in the tailgate along the measurement line located at a height of 2.8 metres for case no. 3 Fig. 12 The concentration of CH4 in the tailgate along the measurement line located at a height of 2.8 metres for case no. 4 Table 2 summarizes the determined values of methane concentration in the measuring points marked in Figure 8 (yellows points) . Based on the calculations performed, it can be concluded that the cross-sectional area of the heading and the length of the unliquidated part of the longwall heading behind the caving line have a significant impact on methane concentration levels in the particular points of its cross section. The concentration of methane in the measuring points decreases along with an increase in the cross-sectional area and the length of the unliquidated part behind the caving line. This is due to the growing volume of the heading, where methane is diluted by mixing with air.
Conclusions
The methane hazard is amongst one of the most dangerous phenomena in underground mining. When mixed with air in certain concentrations, methane becomes flammable and explosive. Therefore, in mining production, every effort is made to ensure that no dangerous concentrations of this gas occur during exploitation. In longwall headings, such a dangerous site is the intersection between the longwall and the tailgate. The measurements carried out in real world conditions and the results of model based tests presented in the paper substantiate this fact. Therefore, in order to ensure security for the crew members, it is necessary to develop a method for determining (estimating) the concentration of methane in this region as well as to identify the factors which may reduce this concentration.
The numerical model developed and presented in the paper satisfies these requirements. The use of real world measurement results in the calculations makes the findings more trustworthy. The universal nature of the model developed makes it possible to forecast the distribution of methane concentration for various geometric parameters of the heading and for many other variable factors.
The results of the multi variant analysis presented in the paper demonstrate that the geometry of the tailgate (its cross section and the length of its unliquidated part behind the caving line) has a significant impact on the values and distributions of methane concentration in the region under analysis. A change in the cross-section of the airway causes its ventilation capacity to deteriorate and the concentration of methane in this heading to increase at the junction of the airway and the longwall.
The results make it possible to conclude that a reduction in the cross section of the tailgate to less than 11 m 2 has a significant impact on the increase in the methane hazard of this region. For the conditions present in this region, a safe cross section for this heading should therefore be greater than 11 m 2 . A significant role for the distribution of air in this region and, consequently, for the concentration of methane is also played by the presence and location of ancillary systems that considerably improve such distribution. It may be assumed that, through appropriate selection of mine heading geometry and application of additional ancillary systems, the methane related (and, in a wider sense, also the ventilation related) safety levels can be considerably enhanced in the region of mining exploitation.
The methodology, models and results presented in the paper exemplify the practical application of advanced numerical methods for identifying and forecasting the ventilation hazard in real world working conditions. In the Authors' opinion, the increasingly common practical application of scientific work results defines the right and acceptable direction for scientific research and analyses.
